Host restriction of exogenous infection by murine leukemia viruses is controlled in vitro predominantly by the murine Fv-1 locus. The mechanism of this-host restriction was investigated by comparing the early events in the replication of N-tropic versus B-tropic Friend leukemia virus in NIH 3T3 cells. These cells, which are Fv-l" in type, are permissive for the N-tropic strain, but nonpermissive for the -tropic strain, which replicates permissively in Balb/c cells. We have studied the synthesis, intracellular location, and molecular form of virusspecific DNA early in replication by means of molecular hybridization with a virus-specific DNA probe. Our results suggest that in the permissive infection viral DNA rapidly becomes integrated with cellular DNA. However, in the nonpermissive infection, although almost equal amounts of both positive and negative strand viral DNA are synthesized, integration of the provirus does not occur.
cell, two or more infectious particles (as determined by titration in the permissive cell type) are necessary to establish a successful infection. Virus strains have been isolated, however, which demonstrate host restriction over a wide range of MOI (7) .
As part of an investigation of the mechanism of the Fv-1-dependent host restriction, we and others have demonstrated that this genetic effect is mediated intracellularly, after adsorption, penetration, and uncoating of the virus (8) (9) (10) . We have, furthermore, shown that late events in the replication cycle, i.e., the synthesis of viral proteins and viral messenger RNA, are markedly suppressed and probably absent in the nonpermissive cell (11, 12) . Similar results concerning viral mRNA synthesis have recently been reported by Jolicoeur and Baltimore (13) .
In this work, we will present data on early events leading to the synthesis of LLV-F proviral DNA and its integration into the host cell genome. Our results indicate that, after infection with a single infectious particle, proviral DNA appears to be synthesized equally in permissive and nonpermissive cells. However, only in the permissive case does integration of the provirus with cellular DNA occur.
MATERIALS AND METHODS
Cells. NIH 3T3 (N3T3) and Balb/c 3T3 (B3T3) continuous cell lines were obtained from Dr. George Todaro. They were maintained in Eagle's minimal medium (F-li, Gibco) supplemented with 10% fetal calf serum (North American Biologicals), Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer, 15 mM (Gibco), and penicillinstreptomycin (50 units/ml, 50 ug/ml).
Viruses. Friend leukemia viruses, both N-tropic and B-tropic, were obtained from Dr. Frank Lilly as spleen extracts of infected mice. Each virus strain was passaged in vitro in the permissive cell line. Media from infected cell cultures were tested for plaque-forming titer by the X-C assay (14) , and frozen in aliquots of culture medium at -70°to provide a stock of tissue culture passaged virus, usually 5 X 106 to 5 X 107 plaque-forming units/ml. Repeated testing of such stock virus failed to reveal any residual spleen focus-forming agent (R. Steeves, personal communication). This stock virus exhibited two-hit kinetics on the nonpermissive cell (T. G. Krontiris and R. Soeiro, unpublished observations).
Labeling of Viral RNA with 32P. Labeling of LLV-F viral RNA with [32P]orthophosphate has been previously described (15) . The specific activity of the radiolabeled viral RNA (19) .
Hybridizations. RNA-DNA hybridization was carried out as previously described (15 (Fig. 1B) would separate, simultaneously, any contamination of species of "supercoiled" or double-stranded "circular" forms of DNA from high-molecular-weight "linear" DNA. Low-molecular-weight linear DNA would have been eliminated by the initial alkaline sucrose gradient. We chose mitochondrial DNA, which is known to exist in several molecular forms, as the density marker for supercoiled DNA (p = 1.59 g/cm3) and linear DNA (p = 1.545 g/ cm3) (19, 22) . In Fig. IC such a mitochondrial preparation is shown. We pooled three fractions (see Fig. IB, 1, 2, 3 ) of material from the ethidium bromide-CsCI gradient according to the determined densities of "supercoiled" (p = 1.58-1.60 g/ cm3), "circular" (p = 1.575-1.585 g/cm3), and "linear" ( High-molecular-weight DNA was extracted from uninfected, and permissively and nonpermissively infected cells, 36 hr postinfection, as described in Fig. 1 . DNA, pooled between CsCl densities 1.53-1.57 g/cm3 (Fig. 1B-3 (21, 25) . Large DNA obtained from purified cell nuclei and pooled (see Fig.  1A ) after sedimentation through alkaline sucrose gradients was subjected to equilibrium density centrifugation as described in Fig. lB . Fractions pooled from the linear, circular, and supercoiled regions were hybridized to viral cDNA. Table 2 gives the data obtained. In this case, again, the amount of presumably integrated viral DNA (fraction 3; p = 1.53-1.57 g/cm3) was greater in the permissive case than in the nonpermissive case. The enrichment for viral DNA in this fraction in the permissive case (6.8-fold) was not as great as noted in the earlier experiment at 36 hr postinfection.
However, when density regions corresponding to "supercoils" and "circles" were analyzed in the permissive case, low but significant levels of protection of the cDNA probe were found. In the nonpermissive case, the levels of viral DNA in these regions were too close to background levels to be reliable. How- Fig. 1 . Regions of the ethidium bromideCsCl gradients corresponding to "supercoiled" (p = 1.589-1.605 g/cm3, fraction 1), "circular" (p = 1.575-1.585 g/cm3, fraction 2), and "linear" DNA (p = 1.53-1.57 g/cm3, fraction 3) were treated as previously described (19 (8) (9) (10) . It has further been shown that late events in the replication cycle, the synthesis of virus-specific proteins and messenger RNA, does not occur in the nonpermissively infected cell (11) (12) (13) .
Our current studies have focused on the early events surrounding viral DNA synthesis and integration as influenced by 32P-Labeled viral RNA was prepared as described in Materials and Methods to a specific activity of 9 x 106 cpm/yg of viral RNA. 910 cpm of 32p were added to each hybridization reaction to assay for negative strand viral DNA. [3HJcDNA was prepared as described in Materials and Methods to a specific activity of 1 x 106 cpm/ug of cDNA. 535 cpm of 3H were added to each hybridization reaction to assay for positive strand viral DNA. Reaction mixtures were 100 gl and the reactions were carried out to a Cot > 104 mol-sec/liter for the Hirt pellet and for 65-72 hr for the Hirt supernatant. 32P-Labeled material was digested with 50Oug/ml of RNase A in 500 Ml of buffer, 0.3 M NaCl, 0.02 M Tris.HCl at pH 7.4 at 380 for 60 min. 3H was assayed using SI nuclease as described in Materials and Methods.
Biochemistry: Sveda, and Soeiro 2360 Biochemistry: Sveda and Soeiro the Fv-1 locus. Our findings show that a comparison of total virus-specific DN4 synthesis under permissive versus nonpermissive conditions of infection reveals close to equivalent amounts of total virus-specific DNA have been formed. Moreover, we have shown that in the nonpermissive cell viral DNA of both strand polarities is synthesized. Additionally, these data reveal that little to no accumulation of putative intermediates in the integration of the provirus occurs in the nonpermissive infection. Most noticeably, there appears to be no integration of virus-specific DNA under nonpermissive conditions, whether measured grossly, as high-molecular-weight DNA isolated by the Hirt procedure, or more rigorously, by separation first of high-molecular-weight DNA and subsequently of DNA known from its density to be linear.
The conclusion is that the Fv-1 gene effect is mediated at the level of integration or, possibly, at the level of circularization of viral DNA prior to integration. Since both viral DNA strands are made in the nonpermissive cell, and in amounts similar to that found under permissive conditions, it would appear that no gross dysfunction of reverse transcriptase action is effected. One possible reservation to this conclusion would be that all noninfectious particles participate in the synthesis of viral DNA, and that the true effect of the Fv-1 locus is on the single infecting particle to prevent any viral DNA synthesis. Such an effect would presuppose that synthesis by the noninfectious particles would be unaffected by the Fv-1 gene.
It has been proposed on the basis of the experiments of Bassin et al. (29) and of Rein et al. (30) that the Fv-1 effector molecule interacts with a protein structure of the virus. If this protein is the reverse transcriptase molecule, then it is interfering with a yet-to-be-defined effect of the enzyme on circularization or integration of the proviral DNA. Alternatively, another virusspecific protein, unknown or as yet unidentified, which may serve such a function, may be involved.
Our earlier experiments used another methodology, that of following the fate of input viral genome RNA, to approach the question of reverse transcriptase activation. We found, unexpectedly, that virus-specific input RNA appeared integrated with the host genome (15) . The "integration" of viral RNA appeared to conform to the known biology of oncornavirus infection (31) . This occurred equally under both permissive and nonpermissive conditions of replication. Some questions regarding the conclusions drawn from those earlier experiments must now be held, since the conclusions are in conflict with the results of our more recent work using standard methodology.
